A multidisciplinary study of a syntectonic pluton close to a major lithospheric-scale fault-Relationships between the Montmarault granitic massif and the Sillon Houiller Fault in the Variscan French Massif Central: 1. Geochronology, mineral fabrics, and tectonic implications [1] Because of its location along one of the major faults, the Sillon Houiller Fault (SHF) of the French Massif Central (FMC), the Montmarault granitic pluton is well suited to better understand the place of the late orogenic magmatism in Variscan orogeny. Through a methodological approach, the close spatial association of the pluton with the lithospheric SHF is investigated in order to clarify the relationships between faulting and magmatic processes during the Late Carboniferous. Therefore a multidisciplinary study has been carried out on the Montmarault massif. Combining geochronology, field and laboratory microstructural observations, and anisotropy of magnetic susceptibility (AMS) methods presented in this paper and gravity and aeromagnetic modeling (part 2), as well as similar studies from other plutons in the FMC, allows us to draw the following conclusions: (1) The Montmarault pluton, dated by the chemical U-Th-Pb method on monazite at 321 ± 2 Ma, was emplaced in a NW-SE maximum stretching trend which is consistent with the regional extensional tectonic regime; (2) the Montmarault pluton is rooted in its eastern part along the SHF with a laccolite-like shape in its western part; (3) at circa 320 Ma, the ''Proto-SHF'' acted probably as a normal fault considered as the feeding channel for the magma emplacement; and (4) Late Carboniferous NE-SW extensional tectonics reworked the Montmarault pluton in a brittle postsolidus stage.
Introduction
[2] The Variscan French Massif Central (FMC) provides a good example of a complete orogenic cycle. The polyphase tectonic, metamorphic and magmatic events are well documented. After the ductile and synmetamorphic nappe stacking events that took place from Late Silurian to Early Carboniferous times (from 420 to 340 Ma), numerous Middle to Late Carboniferous granitic plutons intruded the metamorphic basement (for details, see Ledru et al. [1989] , Faure [1995] , and Faure et al. [2005, and references therein] ). The study of pluton architecture, emplacement mechanisms and tectonic settings are important to understand the evolution of the continental crust after the collision. In the FMC, the plutons that have been studied extensively are essentially located in the western and southeastern parts of the FMC, namely, in the Limousin and Cévennes areas [e.g., Mollier and Bouchez, 1982; Jover, 1986; Dumas et al., 1990; Faure and Pons, 1991; Faure, 1989 Faure, , 1995 Talbot et al., 2004 Talbot et al., , 2005 Gébelin et al., 2004; Be Mezème et al., 2006b] (Figure 1 ). The granitic plutons that crop out along one of the major faults of the FMC [e.g., Grolier and Letourneur, 1968] , named the Sillon Houiller Fault (SHF), are poorly investigated. Along the SHF, a single Late Stephanian sinistral strike-slip offset has been only described so far. The pre-Stephanian activity of the SHF has not been well documented [Feybesse, 1981] . Therefore investigations with innovative and multidisciplinary methods of the plutons close to the SHF to determine the geometry of granitic bodies and their emplacement mechanisms might provide constraints to assess the regional tectonic style during the pluton em- placement. Moreover, the question of the structural and genetic relationships between fault and pluton is also addressed.
[3] Because of its particular tectonic position at the northern extremity of the FMC and along the SHF, the Montmarault granitic massif has been chosen as a target for this multidisciplinary study. Field structural analysis, petrological observation on thin section, monazite chemical U-Th-Pb dating, determination of anisotropy of magnetic susceptibility, gravity field measurement, interpretation of airborne survey, as well as three-dimensional (3-D) modeling have been carried out. The study is divided in two parts, this paper (hereinafter referred to as part 1) deals with geochronological dating, petrofabrics and AMS measurements followed by a discussion of the tectonic implications of our results with respect to the Late Variscan extension and to the activity of the SHF. The interpretations of new gravity measurements and previous aeromagnetic data as well as integrated 3-D geophysical modeling of the Montmarault granitic pluton described by Joly et al. [2007] (hereinafter referred to as part 2).
Geological Setting

Carboniferous Extensional Tectonics in the FMC
[4] The Variscan Belt of the FMC is a Paleozoic collisional orogen between the Gondwana and Laurussia plates [Matte, 1986; Ledru et al., 1989] . Crustal stacking has been followed by two distinct episodes of ''crustal unthickening'' accommodated by extensional tectonics, crustal melting, and erosion [e.g., Menard and Molnard, 1988; Faure, 1989 Faure, , 1995 Malavieille et al., 1990; Faure and Pons, 1991] . The early stage is a synorogenic extension developed between 330 and 310 Ma, which is characterized by a NW-SE maximum stretching direction. The NW-SE extensional tectonics is diachronous throughout the FMC since in the north, extension started in Late Visean (circa 330 Ma), while in the south (i.e., Montagne Noire and Cévennes areas), at the same time, the compression was still active. In the southern FMC, the onset of this NW-SE extension occurred in Westphalian (circa 320-315 Ma). During this Middle Carboniferous NW-SE event, several synkinematic granitic plutons were emplaced [Faure, 1995; Talbot et al., 2004, and references therein] . In the northwestern Massif Central, the Middle Carboniferous magmatism is mainly represented by leucogranites whereas in the central and southern parts of the Massif Central (Cévennes and Margeride areas), the plutons are dominantly porphyritic monzogranites but both record the same NW-SE maximum stretching.
[5] The FMC experienced a second episode of extension characterized by N-S to NE-SW maximum stretching [Van den Driessche and Brun, 1989; Malavieille et al., 1990; Faure, 1995; Ledru et al., 2001] . Since this event occurred from Late Carboniferous to Early Permian, this second extensional tectonics is interpreted as a postorogenic gravitational collapse of the Variscan Belt [Menard and Molnard, 1988; Malavieille et al., 1990; Costa and Rey, 1995] due to the melting of the lower crust [Vanderhaege and Teyssier, 2001] . In the upper crust, the Late Carboniferous -Early Permian event is responsible for the formation of intramountain coal basins, which are either half grabens or pull-aparts.
Geological Framework of the Montmarault Area
[6] The study area, located at the northern part of the FMC, immediately south of the unconformity of the Mesozoic cover of the Paris basin , is mostly occupied by the Montmarault granitic massif and its metamorphic host rocks which are locally overlain by Late Carboniferous to Permian coal basins (Figure 1a) . In spite of extensive mapping and some limited petrological or structural works [Grolier and Letourneur, 1968; Boissonas and Debeglia, 1976; Barbarin et al., 1985; Sossa-Simawango et al., 1987; Faure, 1995] , the age, tectonic setting, architecture and emplacement mechanism of the Montmarault pluton are poorly constrained. Nevertheless, due to its northern location, the Montmarault pluton is potentially a suitable entity that might have recorded the extensional tectonics experienced by the FMC.
[7] In the study area, the Late Carboniferous (Stephanian) Commentry and Montvicq coal basins are half grabens. Their openings are controlled by NW-SE trending, NE dipping normal faults Faure, 1995] developed along the southwestern boundary of each basin ( Figure 1a) . Moreover, the Late Carboniferous St-Eloy and Noyant basins (Figure 1a ) opened along the left-lateral Sillon Houiller Fault (SHF) as pull-aparts during the N-S to NE-SW extensional tectonics. Therefore, during the Stephanian time, the SHF is a NNE-SSW trending strikeslip fault of more than 500 km in length along which several Stephanian coal basins formed coevally with fault displacement [Letourneur, 1953] . The cumulative strike-slip displacement is estimated at $80 km [Grolier and Letourneur, 1968; Bonijoly and Castaing, 1984; Blès et al., 1989] . PreStephanian ductile activity of the SHF is not demonstrated yet. The SHF was interpreted as a transfer fault accommodating the late orogenic extension [Feybesse, 1981; Burg et al., 1990] ; however, this assumption is not in accordance with two distinct and successive episodes of extensional tectonics [Faure, 1995] .
Montmarault Pluton
[8] The Montmarault granitic pluton occupies an area of about 600 km 2 . Its western margin corresponds to the Cher fault that bounds an Oligocene graben, and to the East, the Montmarault pluton is limited by the Sillon Houiller Fault (Figure 1a) .The massif intrudes Late Devonian metamorphic rocks and the Guéret pluton (Figure 1b) , which yields a Rb-Sr whole rock age of 356 ± 12 Ma [Berthier et al., 1979] . Recently, chemical U-Th-Pb dating on monazite from the Guéret pluton gives a 356 ± 5 Ma age that complies with previous Rb-Sr one (A. Cocherie, personal communication, 2006) . To the north, the pluton is unconformably covered by Early Permian (Autunian) continental deposits of the Aumance basin, and is in fault contact with the Late Carboniferous (Stephanian) Murat coal basin. The present cartographic outline of the Montmarault massif does not correspond to the primary shape, since the pluton structure was partly disrupted by later tectonic events (tilting due to brittle faulting, Figure 1a ) during the Late Carboniferous, Permian, and Mesozoic as well (compare part 2).
Granite Petrography
[9] The main part of the Montmarault massif consists of pink porphyritic monzogranite that locally encloses kilometer-scale monzodiorite septa and gneissic xenoliths similar to the country rocks. The monzogranite is cut by meter-scale leucogranite dikes and kilometer-scale leucogranitic stocks [Sossa-Simawango, 1980] . The leucogranites range from aplitic to pegmatic in texture and their mineralogical composition consists mainly of quartz, K-feldspar, plagioclase, muscovite and minor biotite. According to our structural observations, the leucogranites are younger than the porphyritic granite and were emplaced in a host granite already crystallized. The monzogranite also contains titanite and allanite rich mafic enclaves. The abundance of titanium and iron in the mafic enclaves argues for a lower crust origin for the magma source of the Montmarault monzogranite [Sossa-Simawango, 1980] . Petrological studies indicate a fast ascent of the magma throughout the middle crust and its emplacement close to the surface [Sossa-Simawango, 1980] . Moreover, first gravity investigations [Boissonas and Debeglia, 1976] , the phase crystallization order, the presence of magnetite and the abundance of red orthoclase instead of microcline suggest a shallow depth ($2 km) for its emplacement [Turland et al., 1991] .
[10] Two types of granitic facies, separated by a transition zone (Figure 1a) , have been defined within the massif [Boissonas and Debeglia, 1976; Sossa-Simawango, 1980] . From a mineralogical viewpoint, the western part presents a predominance of weakly hydrated or oxidized minerals and, on the contrary, the eastern one is richer in orthoclase and quartz and poorer in plagioclase and ferromagnesian phases. Indeed, the western part is constituted by a porphyritic monzogranite with a magnetic susceptibility higher than in the eastern zone. As discussed below, these petrological insights are consistent with AMS and structural observations that support a deeper setting for the eastern part of the massif. Indeed, the presence of weakly hydrated or oxidized minerals suggests that the western part is closer to surface than the eastern part. Moreover, the gravity measurements (part 2) reinforce this assumption, since an intense negative gravity anomaly lies along the eastern domain whereas the western part of the pluton corresponds to a positive gravity anomaly. The Montmarault pluton is petrologically and geochemically similar to the Middle Carboniferous ''red granites'' of the Bourbonnais area ( Figure 1b ) that have been dated at 313 +12/À9 Ma by U-Pb method on zircon and at 318 ± 6 Ma and at 328 ± 4 Ma by Rb-Sr methods on whole rocks [Binon and Pin, 1989] . First chemical U-Th-Pb age on monazite for the Montmarault pluton is presented in section 3.
New U-Th-Pb Dating on the Montmarault Massif
[11] The age constraint is essential for the understanding of the relationships between Montmarault pluton emplacement and regional tectonic evolution. Whole rock Rb-Sr measurements on several facies of the Montmarault granitic pluton do not provide any conclusive isochron [SossaSimawango, 1980] . Over the past 15 years, owing to the technological progress on the electron microprobe measurements, chemical geochronology realized on monazite has become possible [e.g., Suzuki and Adachi, 1991; Montel et al., 1996; Cocherie et al., 2005; Be Mezème et al., 2006a] .
Analytic Procedure
[12] Because of its high U-Th contents and negligible common Pb content [Parrish, 1990] , monazite constitutes one of the phases frequently used in geochronology. This use as radiochronometer is also enhanced by the restricted lead diffusion in monazite lattice [Montel et al., 1996 [Montel et al., , 2000 and by its high-temperature stability up to more than 900°C [Braun et al., 1998 ]. Monazite can record successive geological processes [e.g., Cocherie and Albarède, 2001; Be Mezème et al., 2006a] . In order to understand accurately the thermal and tectonic history experienced by a rock, geochronological data must be acquired in situ, that is to say, grains are directly analyzed with respect to their textural environment in thin section [Williams and Jercinovic, 2002] . Scanning electron microprobe (SEM) in back-scattered electron (BSE) mode is one of the best methods to distinguish constituent mineral species of the thin section. SEM allows us to recognize microinclusions, altered domains and all other components of non-monazite composition. Providing contrasted chemical composition of monazite, SEM can also help to define heterogeneous compositional domains, which can be related to inheritance phenomenon during successive episodes of crystallization. The detailed analytical procedure is described by Cocherie et al. [1998] . The theoretical procedure to reduce the data and to calculate the average age from individual spot analyses is given by Cocherie and Albarède [2001] and Cocherie et al. [2005] . None of the eight analyzed monazite grains exhibits optical or chemical zoning. This observation allows us to confidently assume that the Th, U and Th/U ratio variations correspond directly to crystallization time and thus grains should reveal homogeneous ages, as commonly the composition of the melt surrounding the monazite can significantly change during mineral growth [e.g., Be Mezème et al., , 2006a . The analyzed points correspond to the same event and the U-Th content variations will define an isochron in the geochronological representation (Th/Pb versus U/Pb diagram). Besides, as each point of the diagram corresponds to an age, it is possible to calculate an average age with good precision at the population centroid. Finally, mean squared weight deviation (MSWD) calculation must agree with the Wendt and Carl [1991] criteria to certify the statistical significance of the calculated average age.
[13] Porphyrytic granite has been sampled at 46°19 0 53.4 00 N and 2°45 0 09.7 00 E for the geochronological study. This sample contains a common mineral composition of quartz, plagioclase, K-feldspar, biotite, zircon, apatite, monazite, xenotime, ilmenite, hematite and some iron oxides (magnetite, maghemite). Analyzed monazite grain sizes are between 50 and 100 mm. The hand sample does not show any macroscopic mineral preferred orientation. Under the microscope in the dated sample, quartz grains reveal some weak undulose extinction and are almost free of subgrain boundaries. Biotites are not deformed. Ductile deformation is totally lacking in feldspars and compositional zoning of plagioclase is locally observed. These mineral microstuc-tures are characteristic of a magmatic flow and indicate the lack of any solid-state deformation.
Dating Results
[14] As stated above, in the analyzed sample, the magmatic fabric is not overprinted by a postsolidus deformation. Therefore the obtained dating can be confidently considered as the crystallization age of the Montmarault granite coeval with its emplacement in its present outcropping site. Monazite is found as inclusions either in biotite (Figure 2a [15] Eight grains from one thin section of the porphyritic facies of the Montmarault massif were prepared and analyzed by a Cameca SX 50 EPMA cooperated by Bureau de Recherches Géologiques et Minières -Centre National de la Recherche Scientifique (BRGM-CNRS) and Orléans University. The analytic detection limits at 20 kV and 200 nA for U, Th, and Pb are of 105, 130, and 110 ppm, respectively, and they are considered as absolute errors. The 2s errors given on individual ages depend on U, Th, and Pb contents and are calculated by propagating the uncertainties of these elements (with 95% confidence level) into the decay equation of Montel et al. [1996] . The analyses present a satisfactory accuracy with a MSWD of 0.68 inferior to 1 for 170 analyses [Wendt and Carl, 1991] . The intercept ages are well defined and consistent within errors, since the U-Pb age (intercept with U-Pb axis) and the Th-Pb age (intercept with Th-Pb axis) are at 382 +73/À80 Ma and 312 +11/ À10 Ma, respectively. Monazite grains yield a mean age of 321 ± 2 Ma (at 2s confidence level; Figure 3 ). The calculated regression line, close to the theoretical isochron, indicates that the monazite grains experienced only one single crystallization event.
Rock Fabrics
Macroscopic Structures Within the Pluton
[16] In the Montmarault porphyritic pluton, K-feldspar fabrics present a variety of orientations [Barbarin et al., 1985] . Except in the northwest boundary of the eastern branch, the preferred orientation of K-feldspar megacrysts shows a pronounced dip of the preferred orientation surface. The direction of foliation of K-feldspar is submeridian in the core of the pluton; it is deflected to an east-west orientation in the eastern part of the pluton. This change in trend is interpreted as the evidence for a late event of plastic deformation [Barbarin et al., 1985] . The northwest boundary of the eastern branch of the pluton is mylonitized and associated to a flat lying foliation containing a N150°E trending stretching lineation. In sections perpendicular to the foliation and parallel to the lineation, kinematics indicators such as sigma-type porphyroclast systems, sigmoidal biotite or S-C fabrics indicate a top-to-the NW shearing ( Figure 1a) . The mylonitization occurred during or after the granite crystallization, i.e., in Namurian (320 Ma), and before the deposition of the Early Permian sandstone that unconformably covers the mylonite [Faure, 1995] . Thus, except in the northeastern part of the massif, the Montmarault pluton exhibits undeformed minerals. This is the reason why the techniques of petrographic fabrics and the anisotropy of magnetic susceptibility (AMS) were applied in this study.
Mineral Fabrics
[17] Detail examinations of rock fabrics and mineral microstructures of magmatic rocks have been proposed for a long time to understand the kinematic and dynamic patterns of plutons related to their crystallization and emplacement; and to reconstruct the tectonic setting experienced by the crust at the time of pluton emplacement [e.g., Hibbard, 1987; Paterson et al., 1989; Vernon, 2000, and references therein] . It is well acknowledged that microstructures record the evolution of the rheologic state of the magma during the experienced cooling of the magma as well as plastic deformation in solid state. Indeed, the rheologic state is changing when magma crystallization evolves from a linear viscous behavior corresponding to low content of crystals to a Bingham behavior matching to higher crystal content. Magmatic flow may be defined as the deformation by displacement of melt with consequent rigid body rotation of crystals [Paterson et al., 1989; Vernon, 2000] . Oppositely, solid state deformation is characterized by intracrystalline plastic deformation, dynamic recrystallization and at lower temperature by appearance of cataclastic flow of high-strength minerals such as feldspars or amphiboles.
[18] On the basis of detail analyses of 15 thin sections by optical microscope, three principal microstructural types are distinguished in the Montmarault pluton.
[19] 1. The dominant type is a magmatic fabric characterized by an equigranular arrangement of large quartz grains with no intragranular microstructure (Figure 4a ). Undulatory quartz extinction is not observed but euhedral plagioclase crystals with synneusis association between grains exist. Large brown biotites with opaque inclusions (magnetite, ilmenite) are not deformed. These microstructures are interpreted as primary because the feldspar grains preserved their initial compositional zoning and lack evidence of either ductile or brittle solid-state deformation. Rare myrmekites within orthoclase are interpreted as the result of crystallization of water saturated magma [Hibbard, 1987] . In this microstructural type, some small sized magnetite grains are observed with their primary shapes.
[20] 2. Weak solid-state deformation is the transitional rheological state between magmatic and solid states. This fabric is characterized by the limited kinking of few grains of biotite (Figure 4b ). Myrmekites in feldspar are rare. Quartz grains exhibit a conspicuous undulatory extinction and rare dynamic recrystallization. Indeed, numerous smallsized quartz grains develop at the expense of a large porphyroclast that shows a chessboard texture (Figure 4c ) formed by the coeval activity of both hai and hci dislocation slip. These microstructures formed under high-temperature conditions during granitic magma crystallization and are considered as evidence of a weak solid-state deformation.
[21] 3. Intense solid-state structure is rarely observed in the Montmarault pluton, but it is conspicuous in the mylonites that crop out in the northwest part of the eastern branch of the massif. It is characterized by a severe intracrystalline plastic deformation. Quartz grain size reduction due to dynamic recrystallization is well developed. The neograins are arranged in a ribbon pattern and often exhibit an oblique shape fabric. Highly sheared biotites anastomose around weakly deformed but recrystallized K-feldspar porphyroclasts. It is worth noting that sigmoidal biotite, quartz oblique shape fabric and sigma-type porphyroclast systems comply with the top-to-the-NW shearing observed at the outcrop scale (Figure 4d ) associated to a flat lying foliation containing a N150°E trending stretching lineation.
[22] At the pluton scale, the distribution of these different types of microstructures shows a well defined spatial organization ( Figure 5 ). The Montmarault pluton is dominantly characterized by magmatic (50%) and weak solidstate deformation (40%) primary microstructures. Magmatic microstructures predominate in the zone located along the SHF and in the western part of the pluton while weak solidstate deformation spreads out in a NE-SW direction from the core of the pluton to its extreme northwestern part. In the northwest part of the eastern branch of the massif, the granitic rocks present an intense planar and linear fabric. This is the only part of the massif where the intense solidstate microstructures are significantly developed. This area corresponds to the mylonitic margin of the pluton with a top-to-the NW shearing (Figure 4d ). Locally, important undulose extinction of some quartz grains is observed in the footwall of the fault that underlies the Commentry coal basin along its SW margin (Figure 1a ). This limited ductile deformation, superimposed on a magmatic fabric, is likely related to the activity of the listric normal fault controlling the opening of the Commentry half graben [Faure, 1995] .
Magnetic Fabrics
[23] Providing a rapid insight of the bulk internal structure of a pluton and facilitating the definition of fabric elements, the Anisotropy of Magnetic Susceptibility (AMS) is considered as the most efficient method to study the fabrics in weakly deformed rocks [e.g., Hrouda, 1982] . AMS is therefore widely used for the analysis of both solid-state fabrics and the more subtle magmatic fabrics in granitoids [e.g., Bouchez, 1997] .
Magnetic Mineralogy
[24] Before AMS determinations, several methods were employed to identify the magnetic mineral composition: thermomagnetic experiments, X-ray diffraction analyses, hysteresis loops, and isothermal remanent magnetization.
[25] Because of their locations, five representative samples have been selected for thermomagnetic experiments carried out by an AGICO KLY3 Kappabridge -CS3 furnace apparatus in the Laboratory of Rock Magnetism of Orléans University (France). The presence of magnetite seems evident with significant drops at about 580°C ( Figure 6 ). However, the concentration of this mineral is remarkably lower in the eastern part with respect to the western one as Figure 6 . Thermomagnetic curves in free air for two representative samples. The rapid decrease of magnetic susceptibility at about 580°indicates the presence of magnetite. Solid (dotted) lines stand for heating (cooling) curves. Figure 7 . Representative X-ray diffraction spectra of powder of two samples from the porphyritic Montmarault granite with the interpretation of mineral composition. Qz, quartz; Fk, K-feldspar; Bi, biotite; Alb, Albite; Mgt, magnetite; Ilm, ilmenite. the thermomagnetic curves are normalized to mass of samples ( Figure 6 ).
[26] Ten X-ray diffraction analyses with an INEL diffractometer with a cobalt tube and a XRG 3000 generator and microscopic observations carried out in Institut des Sciences de la Terre d'Orléans show a relatively common composition for the entire pluton on the majority of minerals, such as quartz, biotite, K-feldspar, albite (Figure 7) . However, the abundance of magnetite in samples from the western part of the pluton has been demonstrated (e.g., sample 35 in Figure 7 ). This result is confirmed by optical observation on thin sections (Figure 2b) .
[27] Six hysteresis loops on several representative specimens were determined using a translation inductometer within an electromagnet providing a field of up to 1 T at the Paleomagnetic laboratory of Institut de Physique du Globe de Paris at Saint Maur. Two types of magnetic behavior are identified. Hysteresis curves of the first type for the samples from the western part of the pluton present ferromagnetic sensu lato minerals with magnetic saturation at about 300 mT (Figures 8a and 8b) . This shows the presence of magnetite as a significant magnetic mineral. The form of the curve, without apparent inflections, suggests that the grain size is homogeneous [Tauxe et al., 1996] . The ratios of H rs /H r and M rs /M r indicate that magnetite is principally multidomain [Day et al., 1977] . It is worth noting by optical observation that magnetite is often found in inclusion in biotite and is sometimes substituted by ilmenite that begins to be alterated into hematite and iron oxide mixture. Its 5 -30 mm size is sufficient to strongly increase the magnetic susceptibilities, even if magnetite is rare. For the samples from the eastern part, near the SHF, Figures 8c and 8d show the typical behavior of paramagnetic minerals with very slight flex up to 0.15 T and almost perfect linear variation of induced magnetic moment by increasing and decreasing magnetic fields up to 1 T, indicating the paramagnetic minerals as the principal magnetic carriers. Thus the magnetic mineral analyses indicate that magnetite grains control the magnetic fabrics of the western part of the pluton, despite the presence of several other magnetic mineral phases, including ilmenite, hematite as well as iron silicates. However, the paramagnetic minerals, such as biotite, are the main AMS carriers for the eastern part near the SHF.
AMS Measurements
[28] For the AMS study of the Montmarault pluton, 295 cores were collected from 54 sites (49 sites of monzogranite and 5 sites of leucogranite) covering the whole pluton using a portable gasoline drill. When it was possible, the cores were oriented, both by magnetic and sun compasses. The mean difference between magnetic and sun azimuths was less than 0.5°. The cores were cut into the standard specimens of 22 mm in length and 25 mm in diameter. The AMS measurements (Table 1) were carried out by an AGICO Kappabridge KLY 3S apparatus in the Laboratory of Rock Magnetism of Orléans University. Figure 9 shows the histogram distribution of bulk magnetic susceptibility values (Km = (K 1 + K 2 + K 3 )/3) characterized by a single mode at about 150 mSI with a long queue until about 7500 mSI. This typical 150 mSI value is widely observed among the numerous granitic plutons where paramagnetic minerals are the main contributors of magnetic susceptibility [e.g., Ellwood and Wenner, 1981; Zapletal, 1990] . However, these wide-ranged high values may show heterogeneous behavior of magnetite probably due to crystallization process. The sites that possess low magnetic susceptibility values (<600 mSI) are essentially located in the eastern part of the pluton along the SHF, whereas the sites of high values (>600 mSI) are mainly located in the western area. Leucogranites yield weaker values of magnetic susceptibility (<150 mSI) which is also in agreement with the abundance of paramagnetic minerals (Table 1) . In consideration of relative content between the white or black micas, the magnetic mineralogy of leucogranite is due to the Here n is number of measured specimens; BMS is bulk magnetic susceptibility in 10 À6 SI; Dec, Inc, a95min, a95max are declination, inclination, maximal, and minimal 95% confidence intervals from Bingham [1964] bimodal statistics, respectively, in degree; P j is corrected anisotropy degree; and T is ellipsoid shape parameter [Jelinek, 1981; Hrouda, 1982] .
contribution of both biotite and iron-bearing muscovite or only the iron-bearing muscovite.
[29] After the measurements of induced magnetization in different directions in a weak magnetic field, the three principal axes of the shape ellipsoid are defined by a tensor calculation for each specimen (K 1 > K 2 > K 3 ; see Figure 10 ). Being long and short axes of the ellipse, K 1 and K 3 are considered as the magnetic lineation and the pole of magnetic foliation, respectively. For each site, a mean direction for each of these three principal axes is calculated with a corresponding confidence interval at the 95% level by Bingham's [1964] statistic method (Table 1 and Figure 10 ). Concerning the AMS directional distribution, more than 80% of sampled sites reveal at least one well-defined axis with a confidence level less than 20° (Figure 10 ). If confidence level of a magnetic axis, K 1 and/or K 3 , is larger than 20°within a site, this magnetic axis is considered as poorly defined, and thus the site-average orientation is not reliable (Table 1) .
[30] Four groups of sites can be distinguished. Namely, group I (45%) is characterized by three well clustered axes (e.g., sites 10 and 50 in Figure 10 ), group II (13%) corresponds to the sites where K 1 is better defined than K 2 and K 3 (e.g., site 33 in Figure 10 ), group III (33%) shows the opposite case to group II, K 3 is better clustered than other two axes (e.g., site 23 in Figure 10 ), group IV (9%) presents three scattered axes (e.g., site 18 in Figure 10 ). The secondary AMS related to solid-state deformation will not be taken into account because they are associated with syngranite to postgranite deformation ( Figure 5 ).
[31] In order to better understand the AMS fabric pattern observed in this pluton, the degree of anisotropy (P j ) and shape parameter (T; see Figures 11 and 12 ) have been calculated according to Jelinek [1981] . The shape parameter T (Figure 11b) represents the degree to which the fabric ellipsoid is prolate (0 > T > or = À1) or oblate (0 < T < or = 1). 92% of the sites present an anisotropy degree P j lower than 1.2, and 80% of the sites show a T parameter between 0 and 1 (Table 1 and Figure 12 ). The T value shows a dominance of the AMS oblate ellipsoids (Figure 11b) . A spatial correlation between the magnetic susceptibility ( Figure 9 ) and the degree of anisotropy (Figure 11a ) exists, particularly in the western part of the pluton. Variations of P j are likely partly related to the magnetic mineralogy, i.e., either due to the magnetite or biotite [Borradaile and Henry, 1997] .
[32] Figures 13a and 13b present the magnetic foliation and lineation distribution patterns, respectively. Only statistically well defined data are presented on the maps with the confidence level lower than 20°( Figure 13 and Table 1 ). In the eastern part of the pluton, that stretches parallel to SHF, the magnetic fabrics are mainly characterized by a dominant NE-SW trending foliation with steeply plunging dips toward the SE (40°to 90°; Figure 13a ) and by a well defined NW-SE trending magnetic lineation plunging mainly to the southeast at about 72°perpendicularly to the SHF (see maximum density in Figure 13b ). In the central part of the Montmarault pluton, the NE-SW trending foliation is bent in an E-W direction. This magnetic fabric pattern correlates well with the previous measurements ( Figure 13 ) carried out only on the northeastern part of the Montmarault pluton by Sossa-Simawango et al. [1987] . In the other parts of the pluton, the NNW-SSE magnetic foliations are roughly perpendicular to the SHF (Figure 13a ). In the northwest area of the Montmarault massif, the magnetic foliation is gently dipping about 42°to the southwest and generally, the NW-SE magnetic lineation plunges to the west (48°). To the south of Commentry, in the southwestern part of the massif, the well defined magnetic foliation with also a NW-SE strike dips 60°to the northeast. However, the magnetic lineations are too scattered to define a statistically reliable orientation (Figure 13b ). are represented by square, triangle, and circle, respectively, with 95% confidence zone. Small grey symbols are for the specimen data; the large black symbols are for the average site data.
Discussion and Conclusions
[33] One difficulty in the study of pluton fabrics lies in measuring the planar and linear mineral preferred orientations, especially when the deformation is weak. AMS helps to better understand the mechanisms of pluton emplacement. Thus AMS analyses are applied here to the Montmarault pluton. Indeed, petrographic observations show that the Montmarault massif as a whole is characterized by a magmatic fabric and locally by a weak solid state fabric, as shown by both petrographic and AMS studies. The large range of spatial variations of the bulk magnetic susceptibility shown in this study and by the magnetic field intensity observed by previous airborne magnetic surveys (see part 2 of this study) argue for an important heterogeneous distribution of magnetic minerals at the pluton scale, which we attribute to the variation of magnetite concentration. In the western part of the pluton, the magnetic property is clearly controlled by the magnetite content in agreement with the positive anomaly of magnetic field intensity (Figure 3 in part 2), with high magnetic susceptibility ( Figure 9 ) and well-identified magnetite (Figures 6, 8a, and 8b) . However, paramagnetic minerals, such as biotite, are the main contributor to AMS measurements in the eastern part of pluton along the SHF with a negative magnetic anomaly (Figure 2 in part 2), lower magnetic susceptibility ( Figure 9 ) and weak contribution of ferromagnetic minerals (Figures 6, 8c , and 8d). According to petrostructural study, Sossa-Simawango [1980] argued that magnetite and biotite crystallized contemporarily and that the magnetic heterogeneity might be due to the chemical zonation of the granitic pluton. Geochemical analyses show that the Montmarault massif is produced from a single magmatic chamber where silica and iron concentrations are heterogeneous (from 57% to 77% SiO 2 and from less than 1% to 7% Fe tot on the whole rock [Sossa-Simawango, 1980] ). This chemical zoning accounts for the formation conditions of the magnetite. To assess this mechanism, more petrological and chemical analyses are necessary all over the pluton. Moreover, the magma ascent may involve a high oxygen fugacity that may in turn produce a significant modification of the chemical composition of ferromagnesian minerals, in particular for biotite [Frost and Lindsley, 1991; Gaillard et al., 2001] . Indeed, the oxygen-dependent equilibrium between biotite and magnetite (equation (1)) indicates that an increase in the O 2 fugacity during the evolution of a magma system will displace this equilibrium to the right, consuming biotite and oxygen, as well as producing magnetite plus K-feldspar [Frost, 1990] :
From our own petrographic and rock magnetism studies, it may be concluded that biotite is the main contributor of the magnetic susceptibility in the eastern part of the pluton Figure 11 . Geographic distribution of (a) the anisotropy degree P j and (b) shape parameter T. along the SHF where the granitic massif is thicker, whereas the multidomain magnetite is the main contributor of the magnetic susceptibility in the western part where the massif is thinner (see following paragraphs and Figure 2 of part 2). As multidomain magnetite and biotite minerals carry normal magnetic fabrics [Rochette et al., 1992] , the AMS data may be directly used to infer their mineral fabrics. These fabrics could be interpreted as related to pluton emplacement and crystallization deformation because the microstructures are essentially of magmatic and locally weak solid-state deformation types.
[34] Sossa-Simawango et al. [1987] carried out a local AMS study in the northeastern part of the pluton that shows a good consistency of the fabric pattern with our observations (see black symbols in Figures 13a and 13b) . Combining all data from these two studies allow us to draw the following conclusions. The magnetic fabric pattern is characterized by (1) oblate fabric dominance all over the pluton ( Figures 11b and 12) ; (2) weaker anisotropy degree (P j ) along the SHF with respect to the western part of the pluton ( Figure 11a) ; (3) high southeastward dip of the foliation and relatively high angle plunge lineation in the eastern part along the SHF; and (4) E-W trending lineation with ''V'' shape (SW and NE dipping) foliations in the western part of the massif (Figure 13a) .
[35] The AMS results that mostly describe the magmatic fabrics of the Montmarault pluton during its emplacement can be highlighted when interpreted together with the gravity anomaly map (Figure 2 in part 2) . Indeed, a welldefined negative gravity anomaly along the SHF is interpreted as the root zone of the pluton. This anomaly progressively vanishes northwestward suggesting that the pluton spreads toward the northwest with a laccolite-like shape, in agreement with the relatively flat magnetic foliation (Figure 14a ). The steep magnetic lineation in the pluton is perpendicular to the SHF and associated to a magnetic foliation strongly dipping toward the SHF. Moreover, a topto-the-NW shearing develops along the NW margin of the pluton (Figures 4d and 14b) . These geometric and kinematic features support the interpretation that, if the SHF existed at the time of pluton emplacement, i.e., in Namurian times, this fault that can be called the ''Proto-Sillon Houiller Fault'' would have acted as a feeder zone for the magma. However, the kinematics of the Proto-Sillon Houiller Fault remains hypothetical.
[36] The U-Th-Pb monazite age obtained in this study indicates that the Montmarault pluton was emplaced at circa 320 Ma. This age shows that the pluton is coeval with the Middle Carboniferous NW-SE extensional regime, already described in several Namurian granitic plutons in the French Massif Central (Figure 15 ). The Namurian to Westphalian (325-315 Ma), late orogenic NW-SE extension is conspicuously recorded by mineral and magnetic fabrics of leucogranites and granodiorites [Faure et al., 1992; Faure, 1995; Talbot et al., 2004 Talbot et al., , 2005 Be Mezème et al., 2006b ]. However, geochemical compositions of these granites are significantly different [Didier and Lameyre, 1971; Duthou et al., 1984] , indicating that they do not originate from the same magmatic sources. The consistency of the NW-SE trending lineation throughout the Namurian plutons of the French Massif Central [Gébelin et al., 2004; Talbot et al., 2004 Talbot et al., , 2005 indicates that these plutons emplaced into the metamorphic host rocks under the same tectonic regime within a relatively short time of circa 20 Ma. This NW-SE orientation of the stretching direction in the entire FMC is perpendicular to the Proto-Sillon Houiller Fault; therefore this structure probably behaved as an extensional structure.
[37] Furthermore, in an alternative hypothesis in which the Proto-Sillon Houiller Fault had acted as a left-lateral transfer fault during the emplacement of the Montmarault pluton, the mineral and AMS lineation would have trended parallel to the fault, i.e., in the NE-SW direction; and this direction is almost orthogonal to the NW-SE magnetic lineations we measured. In the present state of knowledge, as no field observation attest for ductile tectonics along the SHF, the existence of normal kinematics along the ProtoSillon Houiller Fault remains a working hypothesis to be confirmed by further studies.
[38] The present V shape of the foliation pattern of the Montmarault pluton is due to the postorogenic extensional tectonics developed around 300 Ma. The NE-SW Late Carboniferous extensional regime is recorded by the opening of intramountain Stephanian coal basins (e.g., Commentry and Montvicq) within the already crystallized Montmarault massif (Figure 1a) . Indeed, our field observations show the existence of high-angle brittle fault which was already been interpreted as listric faults by Faure [1995] . The NW-SE trending and NE dipping listric normal faults are responsi- ble for the southwestward tilting of the early magmatic foliation of the pluton (Figure 14b) .
[39] According to the geochronological, structural and rock fabric investigations on the Montmarault granitic massif complemented by the geophysical data (part 2), the following conclusions can be drawn: (1) the Montmarault pluton formed in Middle Carboniferous (circa 320 Ma); (2) the syntectonic Montmarault pluton is rooted in its eastern part along the SHF and presents a laccolite-like shape in its western part; (3) its emplacement is controlled by NW-SE extensional tectonics which is consistent with the regional tectonic regime; (4) the SHF is interpreted as the feeding channel for the granitic magma emplacement during the Namurian-Westphalian period; (5) if the ProtoSillon Houiller Fault was existed at circa 320 Ma, it probably acted as a normal fault; and (6) the final architecture of the pluton is due to the Late Carboniferous (circa 300 Ma) NE-SW extensional tectonics.
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